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Abstract
Significant reductions in mortality are reflected in strong increases in life expectancy
particularly in industrialized countries. Previous analyses relate these improvements
primarily to medical innovations and advances in health-related behaviors. Mostly
ignored, however, is the question to what extent the gains in life expectancy are
related to structural changes in the populations due to increasing education levels.
We decompose changes of the total populations’ life expectancy at age 30 in Italy,
Denmark, and the USA, over the 20-year period between 1990 and 2010 into the
effects of education-specific mortality changes (“M effect”) and changes in the
populations’ educational structure (“P effect”). We use the “replacement decomposition
technique” to further subdivide the M effect into the contributions by the individual
education groups. While most of the increases in life expectancy are due to the effect
of changing mortality, a large proportion of improvements in longevity can indeed be
attributed to the changing structure of the population by level of education in all three
countries. The estimated contribution of the P effect ranges from around 15% for men
in the USA to approximately 40% for women in Denmark. This study demonstrates
strong associations between education and overall population health, suggesting that
education policies can also be seen as indirect health policies.
Keywords: Life expectancy, Human capital, Education, Population structure,
Decomposition; Health policy
Introduction
Reductions in mortality which started in Europe in the middle of the eighteenth cen-
tury have continued to spread globally and led to huge increases in life expectancy,
with industrialized countries being most advanced in this process. Most of these
changes were due to a shift in cause-specific mortality patterns from communicable
diseases at younger ages, including neo-natal and childhood ages, to
non-communicable conditions more prevalent at advanced ages, as described in
Omran’s (1971) “epidemiologic transition theory.” Recently, the potentials of human
longevity were further extended by the “cardiovascular revolution” which started in the
1970s and initiated a new period of decreasing mortality (Caselli 2015; Olshansky and
Ault 1986; Omran 1983; Rogers and Hackenberg 1987). Studies have tended to relate
these improvements to public health measures and new medical advancements, such
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as developments in screening, prevention, and treatment of cardiovascular diseases
(Mackenbach et al. 1988; Vallin and Meslé 2004; Wilmoth 2000). Improvements in liv-
ing conditions and health-related behaviors have also reduced mortality, thereby lead-
ing to further increase in survival chances (Denney et al. 2010; Janssen and Kunst 2005;
Rogers et al. 1999, 2010).
In tandem with the decrease of mortality, the populations have experienced significant
increases in educational attainment (Lutz et al. 2014a). Between 1970 and 2009, for in-
stance, the average number of years of education rose by 3.6 years for people aged 25 and
older in 175 countries (Gakidou et al. 2010). A great deal of research acknowledges the
strong impact of socioeconomic resources on various health outcomes, suggesting socio-
economic conditions as a “fundamental cause” of inequalities in health and mortality
(Link and Phelan 1995). Many studies have shown that highly educated people stand to
benefit first and most from the prevailing drivers of decreasing mortality, particularly with
regard to the risk factors of cardiovascular diseases (Hummer and Lariscy 2011; Mirowsky
and Ross 2003). These inequalities translate into differences in life expectancy of several
years between individuals with low and high educational attainment (Caselli et al. 2014).
Lleras-Muney (2005) estimated—with data for the USA in 1960—that one more year of
education increased average life expectancy at age 35 by as much as 1.7 years. Further,
Woolf et al. (2007) estimated that eliminating education-specific inequalities in mortality
would save even more lives than medical advances.
Naturally, higher education does not automatically lead to better health. It is also un-
clear to what extent education itself plays a direct role inside the complex network of
various health-related socioeconomic factors (Kaplan et al. 2014). Although evidence
infers that it is justified to assume some direct functional causality (Geyer and Peter
2000; Lleras-Muney 2005; Lutz and Skirbekk 2014; van Kippersluis et al. 2011), it ap-
pears that the association between education and mortality operates to a larger extent
along an indirect pathway in which education acts as access criterion to other drivers
of health and longevity (Arendt 2005; Clark and Royer 2013; Davey Smith et al. 1998;
Kilpi et al. 2016; Kröger et al. 2015; Lager and Torssander 2012). As Hayward et al.
(2015: 16) put it, “…there is no inherent causal association between educational attain-
ment and adult mortality; instead, the causal association is dependent upon time, place,
and social environment under study.”
Here, we briefly summarize the major mechanisms linking education to health and
mortality (an extensive compilation of recent studies can be found in Montez and
Friedman (2015)). Schooling develops basic cognitive functioning, such as reading,
writing, and communicating, and teaches individuals how to think logically, critically
analyze data, solve problems, and implement plans (Kingston et al. 2003). Higher edu-
cation is the key to stable and well-paid jobs, and increased income helps to pay for nu-
tritious food, better-quality housing, and high-quality medical care (Mirowsky and Ross
2003). In addition, education promotes healthy lifestyles through the development of
effective human agency. Highly educated people use their knowledge, information, and
past experiences to avoid health-related risk factors and engage in health-enhancing be-
haviors, such as smoking cessation, alcohol abstinence, and frequent physical exercise
(Denney et al. 2010; Laaksonen et al. 2008). Moreover, education provides
socio-psychological resources that can contribute to health and longevity through emo-
tional and instrumental support (House et al. 1988). That well-educated people are
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more likely to be and remain married also contributes to the relationship between edu-
cation and health (Qian and Preston 1993).
These examples indicate how higher education contributes to better health and lon-
ger lives on the individual level. Furthermore, investments in education also improve
the health status on the population level. Baker et al.’s (2011) systematic review demon-
strates the strong relationship between education and adult mortality across countries
at different levels of development. These insights raise the question to what extent the
increasing education levels constitute an additional factor behind populations’ rising life
expectancy. If educational attainment improves in a population, it usually follows that
the proportion of individuals with lower education levels decreases, while the propor-
tion of those with higher education increases. Consequently, the health of the overall
population should increase accordingly, even if the mortality rates of each education
category remain unchanged. The question to what extent the gains in life expectancy
were caused by such changes in the populations’ education structure, in addition to the
effect of decreasing mortality within the education groups, has been addressed only
rarely so far. Shkolnikov et al. (2006) and Jasilionis et al. (2007) provided such estimates
for some northern, central, and eastern European countries between the late 1980s and
1990s. They found that the changes in the education-specific composition had in fact a
remarkable positive effect on the populations’ life expectancy levels. Similar conclusions
were derived in studies on specific national subpopulations (De Grande et al. 2014;
Klein et al. 2006; Turra et al. 2016).
Guided by the works of Shkolnikov et al. (2006) and Jasilionis et al. (2007), we exam-
ine, on the basis of the same methodology, how changes in the educational attainment
by age and sex contributed to increasing overall life expectancy at age 30 (e30) in Italy,
Denmark, and the USA between around 1990 and 2010. Thus, our study extends the
literature on the relationship between populations’ levels of education and life expect-
ancy by adding insights from new populations and by analyzing a longer and more re-
cent observation period. Also, the basic research question differs from the previous
studies. Shkolnikov et al. (2006) and Jasilionis et al. (2007) examined primarily whether
the stalls and decreases of life expectancy in central and eastern Europe during the
1980s were driven by certain education-specific subpopulations. The present study fo-
cuses, by contrast, on western populations and the specific question to what extent
changes in the educational structure of the populations contributed to their steady in-
creases in life expectancy.
The populations of Italy, Denmark, and the USA form an interesting sample to assess
the relationship between populations’ levels of education and life expectancy because
they differ in terms of life expectancy, magnitudes of education-specific differentials in
mortality, and the education profile of the populations. In the USA, formal schooling
lasts 13 years until around age 18 with some variations between the states. Notably, the
US population experienced substantial changes over the years in terms of the levels,
content, and importance of education (Hummer and Lariscy 2011). The proportion of
the population at age 25 and older with at least high school education more than
doubled since the early 1960s to almost 90% in 2015 (Ryan and Bauman 2016). In the
two European states, compulsory education is shorter than in the USA (OECD 2016).
Also, the process of education expansion started later. The proportion of adults with
tertiary education is therefore still distinctly lower, above all in Italy (OECD 2016).
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More effective population policies in the past let Denmark move ahead in the process
of education expansion (Arendt 2005), giving the country the intermediate position
among the three study populations. All these characteristics of the national education
systems refer exclusively to quantitative aspects. Certainly, education systems differ also
in qualitative aspects. These are, however, not the topic of this study. We will come
back to this issue briefly in the “Discussion” section of the paper.
In the following two sections, we describe the data and methods we used to construct
the life tables by education and to decompose the changes in e30 over the observed
20-year period into the effects of changing education-specific mortality (“M effect”) and
changing educational structure of the populations (“P effect”). In the “Results” section,
we summarize the outcomes of our analyses which confirm that increasing education
levels are strongly related to the rising levels of life expectancy. This finding has policy
implications, particularly for newly industrializing countries and other populations of
the global south where education levels are projected to increase even more rapidly
than in the industrialized world (Lutz et al. 2014a). Because further rises of average
education levels are bound to occur by the fact that in most countries the younger co-
horts are better educated than the older ones, our results also fuel the expectation of
continuing increases in life expectancy—an issue that is highly controversial among de-
mographers and split the community into “optimists” and “pessimists”. All these issues
and the limitations of the study are discussed in the final section of the paper.
Data
The analysis requires age- and education-specific data for the populations at risk and
the deaths for the start and end years of our observation period. Our study starts at age
30 because this is the age when education is usually completed. We defined educational
attainment on the basis of the ISCED-97 scale (UNESCO 1996) with the three levels
low (ISCED 0–2), medium (ISCED 3–4), and high education (ISCED 5–6). Obtaining
this data for our study populations was a challenging task, in particular for the early
1990s. Because the aim of this study is to estimate the impact of changes in popula-
tions’ educational structures on overall life expectancy, we gave priority to the most
similar derivation of life tables for the studied populations rather than the most accur-
ate estimate of life expectancy by education for each population. A cross-country com-
parison of differentials in life expectancy by education level would be a different
research question which is not only affected by the characteristics of the data sources.
The same formal education levels can include significant differences in the quality of
education. Finally, the number of considered education levels plays a role with regard
to both, the extent of differentials between the levels and the estimation of the effects
of corresponding structural changes. The following paragraphs summarize the data
sources and how we constructed our database as homogeneous as possible.
Italy
Information about the population by age, sex, and education level was taken from Ital-
ian census data which is available online at the data warehouse of the National Statis-
tical Institute of Italy (ISTAT).1 Age-, sex-, and education-specific numbers of death
stem from the Italian national vital statistics registry on causes of death and are based
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on death certificates. Data for 2011 were downloaded from the ISTAT data warehouse.
Data for 1991 are not available online and were manually collected and digitalized by
the authors from the printed reports “Nascite e decessi” at the ISTAT archive in Rome,
Italy. In all data sources, education refers to the highest educational attainment which
allowed us to translate the numbers directly into the ISCED-97 classification. The data
for the population at risk and the number of deaths cover the ages 30 to 85+ in 5-year
age groups. Cases with unknown education level (4.3% of deaths in 1991) have been
distributed according to the education-specific proportions for valid cases for each age
and sex group. Because of the introduction of new data-check plans in 2004, there were
no cases with missing information in the data for 2011.
Denmark
Information about the population by age, sex, and education level comes from nation-
wide population registers, covering the ages 30 to 100. Information about age-, sex-,
and education-specific mortality was available in form of probabilities of dying for ages
30 to 64. These were derived by register linkage at the individual level by use of the
unique personal identification number assigned to all Danish citizens (Thygesen et al.
2011). For ages 65 and older, age- and sex-specific probabilities of dying were only
available for the total population without separation by education level. All data were
available for single ages and represent averages of two subsequent calendar years (i.e.,
the data for 1990 refers to the average of 1989 and 1990, and the data for 2010 to the
average of 2009 and 2010). The databases did not include any cases with missing infor-
mation. Education level was defined according to ISCED-97 and categorized into the
levels 1–2, 3A, 3C & 4A, and 5–6. We merged the data for ISCED levels 3A, 3C, and
4A (ISCED 3–4) and derived the age-, sex-, and education-specific numbers of death
from the data for the population and the corresponding probabilities of dying.
Education-specific probabilities of dying above age 64 were derived by extrapolating the
available data for ages 30 to 64 with the Brass logit life table model (Brass 1971). We
used the age-specific mortality schedules of the total Danish population by sex (for
1989 respective to 2009) from the Human Mortality Database (2017) as standard life ta-
bles.2 The Brass parameters were estimated from the age- and education-specific prob-
abilities of dying at ages 30 to 64 (see the “Life tables by education level” section for
more details on our estimations with the Brass model).
USA
Information about the population by age, sex, and education level stems from the data
collection IPUMS-USA (Ruggles et al. 2015).3 Age-, sex-, and education-specific num-
bers of death stem from the Division of Vital Statistics of the National Center for
Health Statistics and are based on death certificates. The data were downloaded from
the website of the Centers for Disease Control and Prevention (CDC).4 Both datasets
are available in micro-data form, and we merged them into 5-year age groups from age
30 to 90+. In the data for the population at risk, education refers to the highest educa-
tional attainment, which enabled us to translate the numbers directly into the
ISCED-97 classification. In the mortality data for 1990, education is classified by the
number of actual years of schooling. In the mortality data for 2010, education refers to
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the highest educational attainment as defined in the Revision of the Standard Certifi-
cate of Death of the year 2003.5 Given that not all states have adopted the new classifi-
cation, the mortality data for 2010 includes both classifications: number of years in
school and the highest educational attainment. For the states which used the new regu-
lation, we were able to translate the numbers directly into the ISCED-97 classification.
To obtain corresponding education classifications for the deaths of 1990 and for those
of 2010 which were still classified by the number of school years, we performed an ap-
proximate reclassification into the ISCED-97 system on the basis of the EDATTAIN
International Recode of Educational Attainment.6 Cases with unknown education levels
(23.6% of deaths in 1990 and 2.2% of deaths in 2010) were distributed according to the
education-specific proportions for valid cases for each age and sex group.
Methods
As described in the previous section, the characteristics of the underlying data differ
between our study populations, e.g., with regard to the construction of the three ISCED
education groups. Another important difference concerns the data sources for the
education-specific populations at risk and the corresponding number of deaths.
Whereas for Denmark both stem from linked population registers, we have different
and unlinked data sources for Italy and the USA. Consequently, the estimated
education-specific differentials in life expectancy cannot be directly compared between
the populations. However, as outlined at the beginning of the “Data” section and later
in more detail in the “Discussion” section of this paper, the purpose of this study lies
exclusively in the estimation of the relationship between increasing education levels
and overall life expectancy. In order to compare results across our study populations,
we constructed life tables as basis for the decomposition analysis. Life tables were con-
structed as consistently as possible in regards to the available data for each study
population.
Life tables by education level
We constructed abridged period life tables from age 30 for 5-year age groups for the
populations of Italy (1991 and 2011), Denmark (1990 and 2010), and the USA (1990
and 2010) on the basis of age-, sex-, and education-specific death rates derived from
the data described in the “Data” section. The age-specific fractions of last age interval
of life were estimated with the Keyfitz method (Preston et al. 2001). In order to get a
homogeneous basis for our analysis, we extrapolated all life tables with the Brass logit
model (Brass 1971) to age 110. The Brass parameters were estimated from the age- and
education-specific probabilities of dying at ages 30 to 64 (because of the restriction set
by the data for Denmark, see the “Denmark” section). Country- and period-specific life
tables from the Human Mortality Database (2017) were used as standard.7 The extrap-
olated life tables for each sex- and education-specific subpopulation were then used to
derive the death rates for the country-specific last open age intervals. These start at dif-
ferent ages as determined by the country-specific availability of data for the living
population (see the “Data” section). The basic data on deaths and populations at risk by
education levels and the life tables by educational attainment for each country and ob-
servation period are available in the Additional file 1.
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Decomposition of changes in life expectancy
The central aim of this study is to decompose the changes in life expectancy at age 30
(e30) for the total populations of Italy, Denmark, and the USA between around 1990
(time t1) and around 2010 (time t2) into the contributions of changes in
education-specific mortality (M effect) and changes in the populations’ educational
structure (P effect). The terms are adopted from Shkolnikov et al. (2006) who intro-
duced this specific decomposition approach. Isolating the M and P effects is difficult
because they are complexly interrelated. On the one hand, changes in
education-specific mortality cause changes in the education-specific structure of the
population through increasing or decreasing survival chances. On the other hand,
changes in the educational structure of the population affect the corresponding mortal-
ity levels because the risk compositions of the education-specific subpopulations are
changing, e.g., when a larger proportion of formerly less-educated individuals with
higher mortality risks move to higher education levels or vice versa. Between t1 and t2,
both changes occur simultaneously with different and varying magnitudes what makes
the interrelation even more complex.
Although several approaches have been proposed to decompose the change in the
death rates, they all follow the same basic idea of standardization, that is to isolate the
effect of changing mortality under constant population composition, or vice versa, the
effect of changing composition of the population under constant mortality. The chal-
lenging issue is to decide the condition for which mortality and population composi-
tions are standardized for. Three different standards are possible: (1) the conditions
prevailing at t1, (2) the conditions prevailing at t2, and (3) the average of conditions
prevailing at t1 and t2. We used the replacement decomposition technique (Andreev et
al. 2002; Shkolnikov et al. 2003) which estimates the M and P effects on the basis of
standard (3). The basic approach of this method is to apply a “[…] stepwise replace-
ment of elements from one vector of age-specific mortality rates by respective elements
of another vector” (Andreev et al. 2002: 500).
In a nutshell, the replacement decomposition technique works as follows. Starting with
the original vector of education-specific death rates at t1, we estimate e30. In the first re-
placement step, the education-specific death rates of the age group 30–34 of t1 are
substituted by the corresponding death rates of t2, while the educational structure of the
population is kept constant at the level of t1. The difference between the resulting mod-
eled values for e30 at t2 and those of the start year t1 provides an estimate for the M effect
of the age group 30–34 on the basis of standard (1). In the second step, the P effect origin-
ating from education-specific structural changes in this age group is estimated accordingly
by substituting the population’s educational structure in age group 30–34 of t1 by those
of t2, while the education-specific death rates are kept constant at the level of t1. These
steps are repeated for all possible combinations of age- and education-specific death rates
and the population’s educational structure until the conditions prevailing at t1 are com-
pletely replaced by the corresponding conditions at t2. Then, the procedure is performed
equivalently on the basis of standardization procedure (2) for the transition from t2 to t1
through substituting the education- and age-specific death rates and the educational
structure at t2 stepwise by those prevalent at t1.
The different directions across the replacement paths, the subpopulations, and the
age schedule cause different combinations of vectors which should be fully considered
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in an ideal decomposition procedure. To avoid the corresponding bulk of calculations,
the usually applied strategy is to perform the replacement procedure only from the
youngest to the oldest age group. The resulting set of age-specific M and P effects is
then summed up to the overall effects and averaged for the results obtained by stan-
dards (1) and (2). Consequently, the yielded estimates can be regarded as approximate
overall M and P effects, i.e., estimates for the contributions of changes in
education-specific mortality (respective contributions of changes in the educational
structure of the population) to changing death rates between t1 and t2, when the popu-
lation’s educational structure (respective mortality conditions) remain constant. The
particular advantage of the replacement decomposition technique is that the replace-
ment can be performed separately for each education subgroup. This allows a subdiv-
ision of the M effect into the individual contributions of education group-specific
changes in mortality (more and specific details about the method can be found in
Shkolnikov et al. 2006). For our analyses, we used the MS Excel macro provided by
Andreev and Shkolnikov (2012).8
Results
Table 1 presents the distribution of and changes in educational attainment at ages 30
and above for Italy, Denmark, and the USA during the study period. Substantial
changes have been made in educational attainment levels in these countries between
1990 and 2010. The proportion of the population with low education strongly declined,
and consequently, there were large increases of the proportions in the medium and
high education categories. Italy had massive shifts particularly between the low and
medium levels, while the proportion of highly educated people increased somewhat
less. Denmark experienced similar decreases at the low education level but with more
distinct differences between women and men. In contrast to Italy, the high education
Table 1 Proportion (in percent) of populations aged 30 years and above by education level for
Italy (1991–2011), Denmark (1990–2010), and the USA (1990–2010), stratified by gender
Italy (1991–2011) Denmark (1990–2010) USA (1990–2010)
Low Med High Low Med High Low Med High
Men
1990/91 75.9 17.6 6.5 48.6 35.0 16.4 21.7 54.7 23.6
2010/11 53.8 34.0 12.2 29.6 43.9 26.5 13.3 57.9 28.8
Difference − 22.1 +16.4 +5.7 − 19.0 +8.9 +10.1 − 8.4 +3.2 +5.2
Women
1990/91 81.8 14.3 3.9 62.7 23.4 13.9 22.9 60.1 17.0
2010/11 56.8 30.7 12.5 35.0 36.3 28.7 12.4 60.4 27.2
Difference − 25.0 +16.4 +8.6 − 27.7 +12.9 +14.8 − 10.5 +0.3 +10.2
Both sexes
1990/91 79.0 15.8 5.2 55.9 29.0 15.1 22.4 57.6 20.0
2010/11 55.4 32.2 12.4 32.3 40.1 27.6 12.8 59.2 28.0
Difference − 23.6 +16.4 +7.2 − 23.6 +11.1 +12.5 − 9.6 +1.6 +8.0
Source: authors’ own calculations; the data sources for the three populations can be found in the “Data” section
Notes: Low education includes the International Standard Classification of Education (ISCED-97) levels 0 (pre-primary
education), 1 (primary education or first stage of basic education), and 2 (lower secondary education); medium education
includes the levels of 3 (upper secondary education) and 4 (post-secondary non-tertiary education); high education refers
to the levels of 5 (first stage of tertiary education) and 6 (second stage of tertiary education). Differences are given in
percentage points
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category increased more than the medium category in both sexes. Partly due to starting
from a higher level, the USA saw considerably smaller increases in the education levels
over the same period. Nonetheless, the share of those with low educational attainment
also declined during the study period, while the proportion of medium education level
changed only slightly. Hence, the shift in education level occurred primarily at the ex-
treme ends of low and high education levels. Despite these increases in education levels
in all three countries, large proportions of the populations still remained in the low
education groups, mostly concentrated in the older ages. In the most recent observa-
tion years, 55.4% of the Italian population had less than upper secondary education,
and the respective figures are 32.3% in Denmark and 12.8% in the USA.
Table 2 summarizes how life expectancy at age 30 (e30) increased during the 20 years
of observation and how it varied by education group in the three countries. For the
total populations, e30 increased by 4.4 years in Italy, 3.6 years in Denmark, and 2.8 years
in the USA. In all populations, there was a clear gradient in e30 by level of education.
Those with high education had the highest life expectancy, followed by medium and
low education groups (except for Italian women in 1991 and the total Italian population
in 2011). Two points are worth emphasizing. First, the pattern of impact of education
on life expectancy was different among countries. In Italy, the largest gap in e30 existed
between the low education level and the two others, suggesting that completion of
upper secondary education was a mortality threshold in the Italian population during
the 1990s and 2000s. By contrast, tertiary education seems to have been the key to life
expectancy improvements in the USA: differences between medium and high education
were larger than those between medium and low education. Denmark shows the
smallest inequalities across education groups, albeit with more notable sex differences
in the highest education category. Second, educational differences in e30 have widened
over time in most cases. The differentials between high and low education groups were
consistently larger in more recent years for both sexes in all three countries. Increases
can be observed between medium and low education as well, though the extent of
Table 2 Life expectancy at age 30 (e30) for Italy (1991–2011), Denmark (1990–2010), and the
USA (1990–2010), stratified by education and gender
Italy (1991–2011) Denmark (1990–2010) USA (1990–2010)
Total Low Med High Total Low Med High Total Low Med High
Men
1990/91 45.5 44.7 49.1 51.4 43.4 42.2 43.5 46.3 44.2 41.7 43.7 47.1
2010/11 50.6 48.3 56.1 56.3 47.6 44.6 47.8 50.8 48.0 43.2 47.2 52.6
Difference +5.1 +3.6 +7.0 +4.9 +4.2 +2.4 +4.3 +4.5 +3.8 +1.5 +3.5 +5.5
Women
1990/91 51.5 51.2 56.1 55.4 48.6 47.9 47.7 51.6 50.3 49.5 49.8 51.5
2010/11 55.1 53.8 60.4 60.5 51.5 49.1 52.8 54.4 52.2 48.8 51.9 55.3
Difference +3.6 +2.6 +4.3 +5.1 +2.9 +1.2 +5.1 +2.8 +1.9 − 0.7 +2.1 +3.8
Both sexes
1990/91 48.6 48.1 52.3 52.6 46.0 45.2 45.3 48.7 47.4 45.5 47.0 49.0
2010/11 53.0 51.2 58.1 57.9 49.6 47.0 49.7 52.8 50.2 45.8 49.7 53.8
Difference +4.4 +3.1 +5.8 +5.3 +3.6 +1.8 +4.4 +4.1 +2.8 +0.3 +2.7 +4.8
Source: authors’ own calculations; the data sources for the three populations can be found in the “Data” section
Note: Decimals may be adjusted to make differences fit to results of decomposition in Table 3
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changes compared to those between low and high education differed between
populations and sexes. The only exceptions are the decreasing differences between high
and medium education among men and the total population in Italy, and among
women in Denmark.
Results from the decomposition analyses are summarized in Table 3 and in Figs. 1
and 2. It becomes apparent that improvements in e30 were driven primarily by the M
effect caused by decreasing education-specific death rates. The M effect was respon-
sible for 80.9% of the total gain in e30 in the USA, for 80.1% in Italy, and for 75.6% in
Denmark. As expected, the pattern of the M effect broken down into specific education
categories was not uniform across countries. In Italy, most of the M effect was caused
by the low education group, resulting in a 61.5% increase in e30 of the total population
between 1991 and 2011 (57.9% for men; 67.7% for women). In the USA, the mortality
reductions in the medium education category made the largest contribution to the
increase in e30 (51.5% for the total population; 48.4% for men; 62.5% for women). The
low education group contributed least to increasing life expectancy in the USA. Among
women, the contribution was even negative due to the decrease of e30 between 1990
and 2010 (see Table 2). In Denmark, no specific education group dominated the
mortality decline. The highest contribution originated from the low education level
Table 3 Contributions of changes in mortality (M effect) and populations’ educational structure (P
effect) to differences in life expectancy at age 30 (e30) for Italy (1991–2011), Denmark (1990–2010),
and the USA (1990–2010), stratified by gender
Italy Denmark USA
Years Percent Years Percent Years Percent
Men
Total difference in e30 5.1 100.0 4.2 100.0 3.8 100.0
M effect (mortality) 4.0 78.8 3.2 78.1 3.2 83.6
Low education 2.9 57.9 1.4 34.6 0.3 8.6
Medium education 0.8 15.9 1.2 28.3 1.9 48.4
High education 0.3 5.0 0.6 15.2 1.0 26.6
P effect (structure) 1.1 21.2 1.0 21.9 0.6 16.4
Women
Total difference in e30 3.6 100.0 2.9 100.0 1.9 100.0
M effect (mortality) 2.9 80.4 1.8 60.5 1.5 79.0
Low education 2.4 67.7 0.8 26.4 − 0.2 − 10.0
Medium education 0.3 8.9 0.7 23.1 1.2 62.5
High education 0.2 3.8 0.3 11.0 0.5 26.5
P effect (structure) 0.7 19.6 1.1 39.5 0.4 21.0
Both sexes
Total difference in e30 4.4 100.0 3.6 100.0 2.8 100.0
M effect (mortality) 3.5 80.1 2.7 75.6 2.3 80.9
Low education 2.7 61.5 1.2 33.4 0.0 1.3
Medium education 0.6 13.5 1.0 27.1 1.5 51.5
High education 0.2 5.1 0.5 15.1 0.8 28.1
P effect (structure) 0.9 19.9 0.9 24.4 0.5 19.1
Source: authors’ own calculations; the data sources for the three populations can be found in the “Data” section
Note: Results in percent are derived from exact changes (in years) and may not correspond to percentages of rounded
values; decimals may be adjusted to add up to total values
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(33.4% for the total population; 34.6% for men; 26.4% for women), but the contribution of
the medium education level was not much smaller (27.1% for the total population; 28.3%
for men; 23.1% for women). The contribution of mortality declines in the high education
level ranged from 3.8% among Italian women to 28.1% in the total population of the USA.
While the most powerful contributor to increasing life expectancy was the effect of
decreasing mortality within education groups, the changing educational structure of
the populations also contributed substantially to the increase in e30 in all three coun-
tries (see Fig. 1). In Italy and Denmark, the structural change in the populations
accounted for approximately 1 year of the increases in e30 between around 1990 and
2010, and in the USA for about half a year. The smaller absolute increase attributable
Fig. 1 Absolute contributions of changes in mortality (M effect) and populations’ educational structure (P effect) to
differences in life expectancy at age 30 (in years) for Italy (1991–2011), Denmark (1990–2010), and the USA (1990–
2010), stratified by gender. Source: authors’ own calculations; the data sources for the three populations can be found
in the “Data” section. Note: T refers to total population, M is men, and W is women
Fig. 2 Relative contributions of changes in mortality (M effect) and populations’ educational structure (P effect)
to differences in life expectancy at age 30 (in percent) for Italy (1991–2011), Denmark (1990–2010), and the USA
(1990–2010), stratified by gender. Source: authors’ own calculations; the data sources for the three populations
can be found in the “Data” section. Note: T refers to total population, M is men, and W is women
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to the P effect in the USA can be primarily explained by the smaller overall increase in
life expectancy (see Table 2). When looking at the relative contributions, the effect of
changes in the educational structure on changes in e30 was of similar magnitude in all
three populations: 19.1% in the USA, 19.9% in Italy, and 24.4% in Denmark.
As shown in Table 3 and Fig. 2, the relative effects are also similar across the male
and female populations in all three countries. The only outlier is Danish women where
the effect of changing educational composition on increasing life expectancy was par-
ticularly high, accounting for almost 40% of the change in e30 between 1990 and 2010.
This reflects the fact that of all analyzed populations, Danish women experienced the
greatest shifts in educational structure during our study period, with the largest de-
crease in the proportion of less educated and the largest increase in the proportion of
highly educated individuals (see Table 1). Overall, these results illustrate the substantial
contributions of progress in educational attainment to the improvements in life expect-
ancy between 1990 and 2010 in all three countries, in addition to all the other forces
leading to decreasing overall mortality.
Discussion
Methodological and conceptual issues
Several technical notes are in order. We performed a series of sensitivity analyses to test
whether, and to what extent, our results are affected by the definition used for education
levels, the restriction of the decomposition to changes between a start and an end year of a
defined observation period, the chosen observation period itself, and the decomposition
technique applied. With regard to the latter issue, we tested an alternative approach devel-
oped by Das Gupta (1993) which combines the classic age decomposition of a change in life
expectancy (Andreev 1982; Pressat 1985) with the general method for decomposing differ-
ences between rates (Das Gupta 1978). We compared the results of this method with those
derived with the replacement decomposition technique on the basis of the correlation coef-
ficients for the estimated age-specific M and P effects. All coefficients were positive and
close to 1.0, the minimum value being 0.9883 for the M effect of medium-educated women
in Denmark. Thus, both methods do not differ with regard to the direction of the estimated
effects and they vary only marginally with regard to their magnitudes.
Further, we tested to what extent different definitions of education levels affect the
results of our study. We did this with the data for Italy by performing the analysis on
the basis of different classifications of education, including a narrower definition of low
education (ISCED 0–1) and a broader definition of medium education (ISCED 2–4) as
well as the use of four education classes (ISCED 0–1, 2–3, 4, 5–6). In all cases, the esti-
mated P effects went in the same direction but were larger than in the presented data
based on the conventional three education classes (ISCED 0–2, 3–4, 5–6). Note that if
a continuous underlying relationship between length of education and level of life ex-
pectancy is assumed, then any categorization into discrete education categories will ne-
cessarily result in an underestimation of the P effect. This underestimation gets the
stronger the smaller the number of categories is and the broader the education ranges
they cover. If over time the average length of education within, e.g., the middle category
of education increases, this would also lead to an increase in the life expectancy of the
people belonging to this category. Under the three-category-framework, this increase in
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life expectancy would, however, not be classified as an education effect but rather as an
exogenous mortality decline effect. If, on the other hand, the middle education category
would be split into two, part of this improvement in both education and life expectancy
would result in more people moving from the lower middle to the upper middle educa-
tion category and the resulting life expectancy increase would result in a stronger P ef-
fect. The above mentioned results of the sensitivity analysis with four education
categories clearly confirm this pattern. More generally, it can be said that the larger the
number of education categories—i.e., the more closely it reflects the likely continuous
underlying relationship—the larger will be the effect attributed to P.
The data for Italy also allowed us to carry out the decomposition for the 30-year
period from 1981 to 2011. This analysis yielded basically identical outcomes in terms of
the relative contribution of the increasing education level to rising life expectancy. Fi-
nally, a year-by-year decomposition with annual data for Denmark revealed that the P
effect builds up gradually and shows less fluctuations than the M effect, indicating that
our conclusions with regard to the effect of populations’ changing educational structure
on changing life expectancy are not affected by the direct decomposition of changes be-
tween the start and the end year of the study period.
Life tables derived from different data sources for deaths and population at risk as
done in the present study for Italy and the USA always entail the risk of a
numerator-denominator bias (Sorlie and Johnson 1996). Note that our study focuses on
the estimation of the association of increasing education levels with overall life expect-
ancy. Our data are period life tables which model what would happen to a population if
a given set of mortality conditions were experienced: the empirical data are an approxi-
mate reflection of actual conditions. Therefore, it is most important to estimate for
each population education-specific death rates for the start and end years with the
same methodological approach, what was only possible in the performed manner. Yet,
it seems unlikely that our conclusions are influenced by this issue as well as by possible
inaccuracies in the reporting of education levels and our imputation strategy for miss-
ing data. Regarding the latter, it is likely that our proportional redistribution of deaths
with unknown education level on the basis of the deaths with information about educa-
tion leads to a slight underestimation of the P effect.9 There might be further sources
for bias connected to some other technical and conceptual issues (see Jasilionis and
Shkolnikov 2016), but we expect these to be of only minor relevance for the studied
populations and the quality of the underlying data.
In sum, the sensitivity analyses suggest that none of these methodological and tech-
nical issues affected the conclusions of this study, and that the presented magnitude of
the P effect is rather conservative. It is important to note, however, that the estimated
life expectancy by education level cannot be compared across the studied populations
because of differences in the underlying data characteristics as described in the “Data”
section. For the same reason, our levels of education-specific life expectancy can differ
from other studies which use different data for the same populations. In fact, our esti-
mates for life expectancy at age 30 by education level provide larger inequalities be-
tween the highest and lowest education levels than comparable data from EUROSTAT
or OECD (Corsini 2010; Murtin et al. 2017). These deviations are strongest for the
populations from Italy and the USA, what indicates that our use of unlinked data leads
to an overestimation of differences in life expectancy compared to linked data.
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However, linked data were only available for population subsamples for our earlier ob-
servation period. Given that we gave priority to use data that covers the total popula-
tions, we could not avoid the use of unlinked data for Italy and the USA. For estimating
maximum precise levels of education-specific differences in mortality, such a linkage is
preferable to our analysis based on independent data sources for the education-specific
risk populations and numbers of death by age (see also Valkonen 2006).
Summary of findings
This study examined the extent to which changes in the educational structure are re-
lated to changes in life expectancy at age 30 in Italy (1991–2011), Denmark (1990–
2010), and the USA (1990–2010). We used the same analytical strategy as Shkolnikov
et al. (2006) and Jasilionis et al. (2007) to decompose changes in life expectancy at age
30 into the effects of education-specific mortality changes (M effect) and the effects of
changes in the populations’ educational structure (P effect). The present study im-
proves upon prior research by (1) testing the association between changes in the educa-
tional structure of the populations and changes in life expectancy at adult ages, (2)
utilizing data from three different countries which markedly differ in terms of popula-
tions’ health status and education profile, and (3) including more recent years in the
analyses. Our findings contribute to the debate about the role of educational attainment
in changing population health status.
Three main findings emerge from our analyses. First, there were considerable
changes in the educational composition in all three countries during the study period.
The proportion of those with low educational attainment decreased, while the propor-
tion of medium and highly educated individuals increased. There were particularly large
increases in Italy and Denmark. Second, life expectancy was distributed in a graded
fashion across education groups. Life expectancy was highest for those who had more
than high school education, followed by those with medium and low educational attain-
ment levels. Importantly, the gap in e30 between the highest and lowest educational
levels increased over the two decades of our study period. Third, the results from de-
composition analysis show that the structural change in education accounted for a sub-
stantial proportion of improvements in overall life expectancy in all three countries.
Specifically, we found that populations’ changes in educational attainment explained be-
tween around 15% (men in the USA) and approximately 40% (women in Denmark) of
the increases in life expectancy at age 30 between 1990 and 2010.
Interpretation of findings
The present study provides some extension of our understanding of the mechanisms
behind recent improvements in life expectancy. Prior research has tended to focus on
medical advancements, in particular developments in the screening, treatment, and
prevention of cardiovascular diseases, as major contributors to improved population
health (Mackenbach et al. 1988; Vallin and Meslé 2004; Wilmoth 2000). Our results
demonstrate the additional importance of education in this process. As described in the
fundamental social causes of health inequalities theory, education helps individuals to
develop health-related resources, allowing highly educated people to enjoy longer and
healthier lives (Link and Phelan 1995). When new health technologies are developed, it
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is likely that people with higher education use resources they own, namely money,
knowledge, prestige, power and beneficial social connections, to gain access to
life-saving innovations.
The presented findings contain also some policy implications. For instance, they pro-
vide support for previous studies which suggested to consider education policy within
the framework of health policy (e.g., Lleras-Muney 2005; Schoeni and Ofstedal 2010;
Stringhini et al. 2017). The Millennium Development Goals (MDGs) sought to achieve
universal primary education, with a special focus on less-developed countries. The
post-MDGs international development agenda, Sustainable Development Goals (SDGs),
also includes goals related to education, such as ensuring inclusive and equitable qual-
ity of education and lifelong learning for all. The present findings suggest that these ef-
forts not only contribute to the expansion of mass education but are likely to lead also
to reductions in mortality and an increase in populations’ life expectancy.
Building on this conclusion, the findings of our study add also insights into the dis-
cussion about the future of human longevity. Two major lines of thought have devel-
oped in recent years, which are referred to as “optimistic” and “pessimistic” (see Caselli
et al. 2014 for details). In principle, both perspectives agree that mortality will continue
to decrease. They differ, however, in their opinions on the time course and magnitude
of these improvements. According to the pessimists, future progress will be smaller
than in the past because the eradication of infectious diseases in industrialized societies
will slow down the potential and the pace of mortality declines (Olshansky et al. 1990).
In addition, new risk factors, such as obesity and global pandemic outbreaks, are
thought to moderate improvements in human longevity (Olshansky 2005). In contrast,
the optimists claim that mortality rates will further decline particularly at older ages,
leading to un-damped gains in life expectancy (Christensen et al. 2009; Vaupel 2010).
Although debate continues regarding future scenarios of human longevity, the current
study provides a so far neglected factor in support of the optimistic perspective. The
average years of education in the world are projected to increase from 7.9 years in 2010
to 11.0 years by 2060 (Lutz et al. 2014a). It seems likely that these further increases of
the average education level will continue to contribute to the process of mortality re-
duction (see also Deeg et al. 2013).
Nonetheless, measures and programs to improve the health of less-educated individuals
are needed. Despite impressive changes in the distribution of educational attainment dur-
ing the past 20 years, a large proportion of the studied populations still had less than
upper secondary education. Moreover, educational gradients in life expectancy widened
during the last decades in many industrialized populations as reflected in the presented
estimations (see also Caselli et al. 2014; Shkolnikov et al. 2012). Hendi (2015) and Goldr-
ing et al. (2016) have shown that much of these changes in education-specific life expect-
ancy are due to the shifts in the populations’ educational structure. Note that, the
mortality benefits of education appear to be particularly large for better-educated people,
while those with low education continue to be left behind. In this context, it is important
to note that the improvements in educational attainment might cause the decreasing pro-
portion of people with low education to become increasingly selected towards adverse
health conditions (Deboosere et al. 2009; Hendi 2017).
Some issues should be noted which could provide the ground for fruitful follow-up
research. First, our study includes only three countries, though their populations cover
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a broad spectrum of education levels and transitions across modern western nations.
Shkolnikov et al. (2006) and Jasilionis et al. (2007) performed a comparable analysis for
some northern, central, and eastern European countries between the late 1980s and
1990s. For Finland, they found a similar range of (annual) contributions of the P effect
to changes in life expectancy as we did for Italy, Denmark, and the USA. The Czech
Republic shows smaller effects of structural changes. For Russia, Estonia, and Lithuania,
the P effects were even larger than in our study but overlaid by the drastic negative M
effects prevalent at that time. Sweden shows the largest effects of education-specific
changes in the population structure. Larger effects of the structural changes compared
to our estimates were also presented by Klein et al. (2006) for the increase in life ex-
pectancy between the female cohorts 1925 and 1955 of Germany, by Turra et al. (2016)
for changes in life expectancy among Brazilian women between 1960 and 2010, and by
De Grande et al. (2014) for changes between the periods 1991/1996 and 2001/2006
among specific urban and non-urban subpopulations from Belgium. The latter study
restricted the analysis, however, to young adults aged 19–34 and decomposed changes
in the standardized mortality rates instead of life expectancy. In any case, all estimates
available to date refer to industrialized societies. As improvements in educational at-
tainment have also been (and will further be) made in the less-developed countries of
the world (Gakidou et al. 2010; Lutz et al. 2014a), including more countries into the
analyses—both more-developed and less-developed nations—should be a topic of fu-
ture investigations.
Second, we partitioned changes in life expectancy only into changes in mortality and
educational structure. Although evidence shows that education itself is in part directly
related to mortality (Geyer and Peter 1999; Lleras-Muney 2005; van Kippersluis et al.
2011), there is also a strong correlation with other dimensions of socioeconomic status,
such as income, occupation, and wealth (Ross and Wu 1995). It would be challenging if
it were possible to include these factors into the decomposition. Moreover, the
macro-level effect of education on mortality might be moderated through other charac-
teristics of the populations, such as ethnicity or country of birth. For instance, a large
literature suggests substantial black-white mortality differences in the USA (Williams
2005), which are associated with mortality differences by education level. Montez et al.
(2012) have shown that high school education is a threshold for mortality reduction for
blacks in the USA, while whites enjoy mortality benefits from continued education after
high school. Such heterogeneity effects are manifold and can arise from different causal
pathways.
Finally, we assumed the comparability of education levels across countries during the
observation time. Although we used a standardized measurement of education
(ISCED-97), educational systems as well as the quality of education may differ signifi-
cantly. Moreover, the studied populations experienced differences in the timing and dy-
namics of the process of the educational transition. This point has a notable relevance
for the described between-country differences in the education-specific origins of the
M effects. Lower secondary education became mandatory in Italy only after the 1950s
and until age 16 only after 2007. Therefore, most of the people in the low education
group around 1990 had no educational attainment at all, especially among the old and
oldest old. By the early 2010s, a large proportion of these cohorts had died and the ma-
jority of the less-educated subpopulation had a lower secondary degree. In Denmark
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and the USA, these shifts occurred already earlier. This explains why enrollment into
secondary education yielded larger M effects in Italy than in the other two countries.
Thus, our understanding of the education-mortality association on the population level
would also be deepened by research that accounts for the context and quality of popu-
lations’ education and related cohort effects.
To conclude, this study demonstrates that progress in education has made important
contributions to increasing life expectancy in Italy, Denmark, and the USA over the
past two decades. These findings are in line with the theoretical heterogeneity ap-
proach, which states that mortality levels and differences in mortality are strongly influ-
enced by the specific risk group composition of populations (Vaupel et al. 1979; Vaupel
and Yashin 1985). In addition to all the other important benefits of education (Lutz
2009; Lutz et al. 2014b), it can also be viewed as a powerful health policy which allows
more people to enjoy both better and longer lives. As aptly summarized by Kaplan et
al. (2014: 193), “Enhancing health outcomes through improved educational attainment
is an attractive alternative, although we still need better evidence that interventions to
improve educational attainment will increase life expectancy.” Our contribution tried









7We used the Brass model instead of the more commonly used models of Gompertz or
Kannisto because of the comparatively young age 65 as starting point for the extrapola-
tion. The Brass model adjusts the survival function of a complete standard life table (in
our case life tables for the total populations with single age data from 30 to 110) to fit the
available but truncated information about the mortality of the analyzed population (in our
case the subpopulations by education level from ages 30 to 64). The Brass model uses two
parameters for this adjustment: the alpha parameter reflecting the level of the subpopula-
tions’ overall mortality and the beta parameter for the subpopulations’ specific age pattern
of mortality, both in relation to the standard life table. Luy et al. (2015) have demonstrated
the functionality of this approach in their study of life expectancy by education, income,
and occupation for the German population. Details about the extrapolation of age-specific
probabilities of dying with the Brass model can be found there. Descriptions of the deriv-
ation of the Brass parameters alpha and beta from empirical data can be found in Ngom
and Bawah (2004) and Stewart (2004).
8MS Excel File: Decomposition_replacement_from_young_to_old_ages(4).xls
9In an alternative analysis, we assigned all deaths with unknown education to the
lowest education level (based on the assumption that the majority of deaths with un-
known education level—albeit not all—are likely to belong to this group). This scenario
led to huge differences compared to our old model for the population of the USA be-
cause the life expectancy of the lowest education decreased strongly for the low
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education group in period 1 (from 41.7 to 34.4 years among men and from 49.5 to 42.9
years among women). Consequently, the low education group experienced by far the
strongest increase in life expectancy between period 1 and period 2. This led (1) to an
extreme shift of the education-specific M effects from the high to the low education
level and (2) regarding the total effects to a shift from the total M effect to the P effect.
Among men of the USA, the P effect increased from 0.6 years in our old model to 2.1
years, and among women of the USA from 0.4 to 1.7 years. For the Italian population,
these shifts were considerably smaller (because of the much lower number of deaths
with unknown education level in period 1), with the P effects increasing from 1.1 to
1.5 years among men and from 0.7 to 1.2 years among women.
Additional file:
Additional file 1: Basic data and life tables by educational attainment. (CSV 54 kb)
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